Introduction
============

Eukaryotic DNA is highly compacted to fit into the nucleus, but nonetheless each chromosome region tends to occupy its own discrete territory.[@R1]^,^[@R2] Spatial and temporal organization of chromosomes is essential for the regulation of gene expression and the maintenance of genome stability.[@R3]^-^[@R5] Genome organization is also linked to the stabilization of cell fate during differentiation[@R6] as well as dictating chromosome translocation events associated with various forms of cancers.[@R7]

DNA elements critical for the maintenance of chromosomes include centromeres, which are the sites of kinetochore assembly[@R8]^,^[@R9] and telomeres, which protect the ends of chromosomes.[@R10]^,^[@R11] During mitosis chromosomes condense, and microtubules originating from microtubule organizing centers (MTOCs) capture kinetochores to drive chromosome segregation, with telomeres trailing behind. During interphase, chromosomes decondense, but in many cases still maintain a polarized arrangement termed Rabl configuration, in which centromeres are clustered in a limited region near the nuclear envelope, and telomeres are located at the opposite hemisphere of the nucleus.[@R12]^,^[@R13] Rabl configuration has been regarded as a direct consequence of mitotic anaphase arrangement of chromosomes persisting through interphase and has been observed in vast varieties of organisms, including yeasts, plants, insects and mammals.[@R12]^,^[@R14]^-^[@R18]

In the budding yeast, centromeres are clustered near the spindle pole body (SPB, the counterpart of centrosome in yeast) during interphase, forming a rosette structure.[@R16] Microtubules emanating from the SPB maintain their interactions with kinetochores during this cell cycle stage, and disrupting microtubules results in the declustering of centromeres.[@R19] However, given that microtubules are not attached to kinetochores during interphase in other organisms, such microtubule-based tethering of centromeres is unlikely to be universal, and the mechanisms that regulate Rabl configuration in other organisms are largely unknown.

Centromere Clustering in Fission Yeast
======================================

The fission yeast *Schizosaccharomyces pombe* exhibits strong centromere clustering during interphase, in which the three centromeres are localized near the nuclear periphery at the site of the SPB,[@R15] which is cytoplasmic at this stage[@R20] ([Fig. 1](#F1){ref-type="fig"}). At the onset of mitosis, duplicated SPBs separate and insert into the nuclear membrane.[@R20] Centromeres are first released and then recaptured by microtubules emanating from the SPBs for chromosome segregation.[@R15] Examination of the site of centromere clustering by electron microscopy shows that no microtubules are present between kinetochores and the SPB during interphase,[@R20] and centromere clustering is not sensitive to microtubule destabilizing drugs,[@R21]^,^[@R22] suggesting that interphase centromere clustering is not mediated by microtubules in fission yeast.

![**Figure 1.** Centromere clustering in fission yeast. Top, live cell imaging of cells expressing AHDL-mCherry (Luminal ER marker indicative of nuclear membrane)[@R52] and Mis6-GFP (kinetochore marker). Bottom, diagrams showing centromere clustering in fission yeast, which is disrupted in *csi1∆*.](nucl-4-176-g1){#F1}

The prime candidates mediating centromere clustering are kinetochore components and inner nuclear membrane components that reside at the SPB docking site. Indeed, temperature sensitive mutants in kinetochore components, such as *mis6* (CENP-I) and *nuf2* (NDC80 complex component), result in declustered centromeres at restrictive temperature.[@R21]^,^[@R23]^,^[@R24] However, these mutants also block the cell cycle at mitosis, when centromeres naturally decluster. Other mutations that cause cell cycle arrest at mitosis, such as *nda3* (tubulin), *cut7* (kinesin) and *nuc2* (anaphase promoting complex), also result in declustered centromeres.[@R15] Due to such confounding phenotypes, it is not feasible to identify the kinetochore component directly involved in centromere clustering at interphase.

At the nuclear envelope, inner membrane protein Ima1 has been reported to mediate the association of centromeres with the SPB.[@R25] However, a recent study showed that the original *ima1∆* strain[@R25] was mistakenly constructed by deleting a different gene, and the correct *ima1∆* does not affect centromere clustering.[@R26] We also did not observe interphase centromere clustering defects in *ima1∆* cells ([Fig. 2](#F2){ref-type="fig"}). Thus, the nuclear membrane components involved in centromere clustering remain to be identified.

![**Figure 2.** Ima1 is not required for centromere clustering during interphase. Live cell imaging of cells expressing Mis6-GFP. Scale bar is 1 μm. DIC (differential interference contrast microscopy) and merged images are also shown.](nucl-4-176-g2){#F2}

Other mutations that affect interphase centromere clustering include *crm1*, *mto1∆* and *nsk1∆*.[@R15]^,^[@R27]^,^[@R28] Crm1 is a member of the importin family of proteins involved in nuclear-cytoplasmic protein transport.[@R29] It is an essential gene that potentially regulates the nuclear accumulation of diverse proteins, confounding analysis of the mechanism by which it mediates centromere clustering. Mto1 is a γ-tubulin-associated protein localized at the cytoplasmic side of the SPB and is required for the nucleation of cytoplasmic microtubules.[@R30]^-^[@R32] *mto1∆* cells have mild defects in interphase centromere clustering, with about 9% of cells showing declustering of only one kinetochore.[@R27] Given that microtubules are observed only in the cytoplasm during interphase,[@R33] the phenotype of *mto1∆* in centromere clustering is most likely an indirect effect of a malfunctioning microtubule cytoskeleton. Nsk1 is a protein located at the SPB-kinetochore interface during mitosis.[@R28]^,^[@R34] Loss of Nsk1 results in 9% of cells exhibiting defects in centromere clustering in interphase.[@R28] However, Nsk1 is localized at the nucleolus at this cell cycle stage,[@R28]^,^[@R34] and the effect of *nsk1∆* on interphase centromere clustering is likely the result of impaired centromere association with the SPB during late mitosis persisting into interphase.[@R28] Thus the factors that link kinetochores and the SPB during interphase are still unknown, and their identification is crucial for deciphering the mechanism and function of Rabl configuration.

Sad1 and Csi1 Play Essential Roles in Centromere Clustering
===========================================================

The SUN-KASH domain protein complexes link cytoplasmic structures and the nuclear membrane.[@R5]^,^[@R35]^,^[@R36] KASH domain proteins reside in the outer nuclear membrane and interact with the cytoskeleton and MTOCs while the inner membrane SUN domain proteins directly connect to structures inside the nucleus. In fission yeast, KASH domain proteins Kms1/2 and SUN domain protein Sad1 are critical for docking of the SPB to the nuclear membrane[@R37]^-^[@R39] ([Fig. 3](#F3){ref-type="fig"}). During meiosis, Sad1 mediates interaction between the SPB and telomeres to form a bouquet-like organization critical for the movement of chromosomes.[@R40]^,^[@R41]

![**Figure 3.** Diagrams of the interaction between kinetochores and the SPB. During interphase, Sad1-Csi1 forms a molecular link between kinetochores and the SPB to mediate centromere clustering. During mitosis, kinetochores are first released from the SPB and then captured by microtubules emanating from the SPBs in preparation for chromosome segregation. How the interaction between Csi1 and kinetochores is regulated is unknown. Csi1 is phosphorylated during mitosis (our unpublished data), which might contribute to the release of kinetochores.](nucl-4-176-g3){#F3}

In a recent study, we showed that Sad1 is also required for centromere clustering.[@R42] Sad1 is an essential gene, and a temperature sensitive mutant of Sad1 (*sad1.1*)[@R37] shows strong defects in centromere clustering.[@R42] Due to the importance of Sad1 in mediating SPB association with the nuclear membrane, loss of Sad1 results in cell cycle block at mitosis. However, the *sad1.1* mutant predominantly blocks the cell cycle at the second cell division after temperature shift,[@R43] while centromere declustering is prominent 90 minutes after temperature shift. Given that one cell cycle of fission yeast is \~2 hours at this temperature, the early appearance of centromere declustering is not the result of a cell cycle block at mitosis. Thus Sad1 directly mediates interphase centromere clustering.

Through a screen of the fission yeast strain library containing about 3,500 deletions of individual genes,[@R44] we identified a viable mutant severely defective in maintaining the artificial mini-chromosome Ch16.[@R42] The gene was therefore designated *csi1^+^* (chromosome segregation impaired 1). *csi1∆* cells also show strong declustering of centromeres from the SPB during interphase.[@R42]

Further biochemical, genetic and microscopic analyses put Csi1 physically at the interface of kinetochore and the SPB[@R42] ([Fig. 3](#F3){ref-type="fig"}). Csi1-GFP exhibits a single focus in the interphase nucleus, at the site of SPB-kinetochore. Csi1 association with SPB depends on Sad1 as Csi1 shows a diffused staining pattern in *sad1.1* cells at the restrictive temperature. Moreover, Csi1 directly binds Sad1 through a N-terminal helix, deletion of which results in diffuse localization of Csi1 and declustered centromeres.

At the kinetochore side, Csi1 is enriched at centromeric DNA, and this enrichment is dependent on kinetochore components, suggesting that a functional kinetochore is essential for the association of Csi1 with centromeres, rather than that Csi1 binds directly to centromeric DNA.[@R42] Moreover, immunoprecipitation of Csi1 co-purifies kinetochore components, suggesting that protein-protein interactions mediate the association of the SPB with the kinetochores. The interaction is mediated by a coiled-coil region in the middle of Csi1 and mutations of this region result in the dissociation of Csi1 from centromeres and defects in centromere clustering. However, the immediate interaction partner of Csi1 at the kinetochore remains to be determined.

As expected for a linker between the SPB and kinetochores, disruption of Csi1-kinetochore interaction does not affect the interaction between Csi1 and the SPB.[@R42] However, disrupting Csi1-Sad1 interaction results in diffuse localization of Csi1, mostly around the nuclear membrane, instead of centromere localization. Such results suggest either that localization of Csi1 to Sad1 is critical for its ability to associate with kinetochore components or that additional factors near the SPB are required for Csi1 association with kinetochores.

These results therefore establish a hierarchy of proteins interacting with both centromeres and the SPB during interphase, including kinetochore components, Csi1 and inner membrane protein Sad1 ([Fig. 3](#F3){ref-type="fig"}).

Functions of Rabl Configuration in Interphase
=============================================

Rabl configuration has been proposed to isolate genes near centromeres or telomeres for regulation and preparing for major chromosomal rearrangements, such as condensation, chromosome segregation and recombination.[@R12]^,^[@R19]^,^[@R45] The *csi1* mutants that result in high levels of centromere declustering allow further examination of the biological function of Rabl configuration in fission yeast.

Loss of Csi1 results in high loss rate of a mini-chromosome, suggesting that Rabl configuration during interphase directly regulates mitosis.[@R42] In fission yeast, centromeres are released from the nuclear envelope at the onset of mitosis and then recaptured by intranuclear microtubules emanating from the SPBs to drive chromosome segregation ([Fig. 3](#F3){ref-type="fig"}).[@R15] Computer simulations of mitosis indicate that an unbiased MT search-and-capture mechanism is not efficient enough to complete mitosis in a timely manner.[@R46] It was suggested that the clustering of centromeres during interphase facilitates the rapid capture of kinetochores[@R47] ([Fig. 4](#F4){ref-type="fig"}). We observed that *csi1∆* cells spend longer and more variable times to reach anaphase, indicative of defects in kinetochore capture.[@R42] This is consistent with previous observations that *nsk1∆* cells with de-clustered centromeres spend longer times in mitosis as well.[@R28] Compared with wild-type cells, *csi1∆* cells also show more Bub1-GFP foci, an indicator of defects in microtubule-kinetochore attachment and the activation of spindle assembly checkpoint.[@R42] As a result, *csi1∆* is lethal or sick when combined with mutants in the spindle assembly checkpoint, possibly because cells continue mitosis with improperly attached kinetochores, resulting in mis-segregation of chromosomes.

![**Figure 4.** A model showing that centromere clustering during interphase facilitates kinetochore capture by microtubules during mitosis. The clustered centromeres serve as a higher affinity platform for concerted capture by microtubules.](nucl-4-176-g4){#F4}

Cells without functional Csi1 are also sensitive to perturbations of microtubule dynamics. For example, *csi1∆* cells are highly sensitive to microtubule poison thiabendazole (TBZ) and are lethal or sick when combined with mutants that affect microtubule dynamics such as deletions of microtubule associated proteins *dis1∆* and *alp14∆*. The DASH complex functions to couple kinetochore with microtubules,[@R48]^,^[@R49] and is required for the retrieval of unattached kinetochores during mitosis.[@R27] *csi1∆* cells are synthetically lethal with mutations in every component of the DASH complex. Similarly, *nsk1∆* cells are also synthetically sick with DASH mutants.[@R28]

These data suggest that defective mitosis of *csi1∆* cells is due to the difficulty of declustered centromeres to be captured by spindle microtubules. Nevertheless, it is still possible that Csi1 regulates other aspects of mitosis in addition to centromere clustering. As an integral component of the SPB, Csi1 may directly function in regulating microtubule dynamics. The dissociation of centromeres from the SPB in *csi1∆* cells may also result in structural changes at the kinetochore. Formally ruling out these possibilities requires artificially tethering centromeres during interphase without affecting their dissociation during mitosis, which is technically very challenging. However, the correlation of the severity of centromere declustering and chromosome segregation defects in *mto1∆*, *nsk1∆* and *csi1∆* cells argues that centromere clustering directly contributes to chromosome segregation.[@R27]^,^[@R28]^,^[@R42] Moreover, adding an extra mini-chromosome to *csi1∆* cells results in even longer average times to finish mitosis with larger deviations.[@R42] Such a result argues that the capture of declustered centromeres becomes much more stochastic as chromosome number increases and support the idea that centromere clustering directly contributes to the search-and-capture process.

In sum, our data support a model in which three-dimensional organization of centromeres in fission yeast facilitates the capture of centromeres by microtubules at the onset of mitosis. In mammalian cells, Rabl configuration is present only in specific cell lineages or developmental stages.[@R16] However, centromeres are transiently arranged in a ring-like structure during mitosis and meiosis, allowing them to be exposed to high concentrations of microtubules for their efficient capture,[@R50]^,^[@R51] suggesting a common theme of using three dimensional chromosome organization to overcome a bottleneck of chromosome segregation.

Perspectives
============

The identification of Sad1 and Csi1 as critical components of the nuclear envelope that mediate interphase centromere clustering in fission yeast provides mechanistic and functional insights into Rabl configuration. Interestingly, the association of centromeres with the SPB is a highly dynamic process. At the onset of mitosis, centromeres are released from the nuclear membrane to allow kinetochore attachment by nuclear microtubules.[@R15] At the end of mitosis, Csi1 replaces Nsk1 at the kinetochore-SPB interface. At the beginning of meiosis, centromeres dissociate from the SPB, and telomeres are clustered at the SPB to drive chromosome movements.[@R40] We speculate that Csi1 might play an essential role in relaying cellular signals to regulate the interaction between kinetochores and the SPB during mitosis and meiosis.

Besides its importance in chromosome segregation, Rabl configuration may affect genome stability in other ways. Chromosome conformation capture analyses of genome-wide chromosomal contacts in budding yeast have led to a three-dimensional model of chromatin organization, in which centromere clustering likely imposes key constraints for genomic interactions.[@R18] The ability of *csi1∆* to disrupt such organization provides an important tool to study the role of Rabl configuration in regulating three-dimensional genome DNA organization, transcription and recombination in fission yeast.
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